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Abstract. In this work, by means of numerical experiments based on Los Alamos National 
Laboratory’s combined finite discrete element method (FDEM) software package MUNROU,
it is demonstrated that fracture patterns do not only depend on the solid properties, but that the 
presence of a fluid medium plays a key role in driving both the dynamic fracture propagation 
and stress state in solid.  The “dry” and “wet” fracture patterns obtained in this work look 
very different, thus emphasizing the critical importance of capturing all of the “first principle 
physics” involved in order to model all the phases of a given fracturing medium.
1 INTRODUCTION
Fracture mechanics has been an important topic since the pioneering work of its founders
[1]-[4]. Interestingly enough, pioneering developments have been mostly motivated by 
considerations of design components not failing. It has long been recognized that cracking, 
fracturing, and fragmenting solids is at the core of many modern industrial processes, the 
naming of which would probably go over a few pages. For this reason, very early on, it was 
recognized that numerical methods of computational mechanics of discontinua provide a
valuable set of tools that have the potential for addressing the problem with some degree of 
accuracy. First, discrete element methods were employed [5]-[14], [25]-[32] and later on the 
combined finite discrete element method (FDEM) was introduced [15]-[24]. The fracture 
patterns obtained using the combined finite discrete element method have independently been 
benchmarked and validated for a number of problems starting with rock, concrete, glass, and 
more recently anisotropic solids. Agreements between numerical and experimental results in 
terms of fracture patterns and residual strengths have exceeded the expectations of even the 
most enthusiastic development teams around the world.
Many industrial processes critically depend on cracking, fracture and fragmentation. Oil 
and gas exploration based on fracking is one of these processes. Fracking, in the U.S, is a an
approach for exploiting oil and gas reserves to the extent  it should be able to bolster the 
energy resources of the country for the next couple of centuries through the exploitation of its
reserves alone. Nevertheless, the whole process is still poorly understood and often based on 
qualitative predictions similar to trial and error simply because the field does not possess an 
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adequate quantitative predictive capability.
As the process is associated with some very serious environmental risks such as water 
pollution, this is not satisfactory and better predictive capabilities based on first principle 
physics and “state of the art” computational simulations are urgently needed to both better 
understand the processes involved and to provide better quantitative predictive capabilities 
that are able to optimize the exploration process, while at the same time providing a margin of 
safety against a major environmental disaster. A major environmental disaster associated with 
the process could set the exploration momentum back by a number of years and will possibly 
cost hundreds of billions in lost profits, compensation claims, higher oil and gas prices, etc. It
is therefore of major importance that resources are put into related research and development.
At Los Alamos National Laboratory (LANL) a comprehensive simulation platform based 
on the combined continua-discontinua approach with an integrated fluid capability has been 
adopted in order to address the problem. The resulting platform is called the Hydrofrac 
Optimization Software Suite (HOSS). HOSS incorporates LANL’s MUNROU software 
package which contains the next generation of FDEM solvers, an extensive material model 
library, grand scale parallelization, modern software design practices and proprietary fluid 
solvers, Figure 1. In this work, using HOSS-MUNROU, we will demonstrate the critical role 
fluid plays in fracture development.
Figure 1: HOSS-MUNROU: FDEM software package.
2 COMPUTATION FRACTURE MECHANICS CHALLENGES
Fracture and fragmentation of brittle rock material has long been a challenging endeavor 
for the field of computational mechanics. For decades researchers have strived to achieve 
some semblance of fidelity as they have examined a myriad of industrial challenges from 
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block caving, deep mining techniques, rock blasting, seismic waves, packing problems, rock 
crushing problems, etc. The pros and cons of whether to utilize a continuum approach versus 
a discontinuum technique in their analysis usually came to the blunt reality that discontinua 
approaches, although unique, were either limited in their material handling capability or were 
just too computationally expensive to utilize.
As a result, practitioners of the art moved mountains to develop continuum fracture 
techniques that could best describe the expected material damage. For example purposes, we 
display here a novel continuum fracture approach that was developed by LANL researchers,
see Figure 2. For its purposes we would contend that few other continuum model approaches 
could capture the rate sensitivity and damage effects that this model is capable of achieving.
Figure 2: Example of a novel continuum fracture model with anisotropic stochastic strength behavior results. 
The evolution of the sample after 5.0 ms is shown. In this case the effect of the anisotropic nature of the material 
is apparent as noted by the elliptical shape of the wave front.
That stated, one must recognize that for this simple borehole example the prescribed 
continuum approach appears to have effectively captured the essential energy dissipation 
mechanisms as well as the mandated inertia effects. But, do objects break in this manner or in 
a manner as seen in Figure 3.
Figure 3: Example of continuum model fracture compared to FDEM fracture result.
Aesthetics aside, describing the well-known differences of the two approaches is beyond 
the scope of this paper. Rather, if discontinua approaches are to become a more mainstream 
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technique it is imperative that practitioners are convinced that the selected software’s 
approach is viable given its degree of accuracy on “tried and true” experimental results.
3 HOSS-MUNROU BENCHMARKING: COMBINED CONTINUUM 
DISCONTINUUM FRACTURE PATTERN 
Within the past six months LANL researchers have conducted a full scale 3D analysis of a 
Split Hopkinson Pressure Bar experiment on granite material utilizing the FDEM capabilities 
in HOSS-MUNROU. Extensive details on this verification and validation exercise will be 
forthcoming in a soon to be published journal article. Here, rather than focus on the 
simulation’s intricate details we want to focus on the comparison of some of HOSS-
MUNROU’s numerical results to the experimental results.
For this particular experiment, the sample’s diameter and thickness for the numerical 
model were fixed at 50.8 mm and 25.4 mm respectively. The 3D mesh for the granite sample 
had an element size that ranged between 0.6 mm to 1.5 mm. As such, the total number of 
elements employed was around 90,000. The mesh for the incident and the transmission bars 
comprised of 6,600 elements each. The numerical experiment was run on a parallel computer, 
utilizing 208 processors. In Figure 4 the final fracture pattern obtained in the experiment and 
by 3D simulation are shown side by side. As can be seen, there is a remarkable resemblance
in the fracture pattern obtained by the 3D HOSS-MUNROU simulation when compared to the 
final state of the real sample.
Figure 4: Split Hopkinson Pressure Bar virtual experiment. Comparison of sample condition with actual 
experiment.
When coupled with results for the equivalent tensile stress (Figure 5) the combined results 
give confidence in robustness and accuracy of the 3D FDEM capability in HOSS-MUNROU.
As noted earlier, confidence in experimental agreement is needed but not necessarily 
indicative that the software approach will be viable for industrial application spaces such as 
“fracking.” One must be convinced that the approach can effectively replicate fracture and 
fragmentation processes as would be seen in field types of environments.
74
Earl E. Knight, Esteban Rougier and Ante Munjiza.
5
Figure 5: Split Hopkinson Pressure Bar virtual experiment results.
4 HOSS-MUNROU: FLUID DRIVEN ROCK DEFORMATION EFFECTS
One of the more challenging aspects of “fracking” in the field environment is known as 
wellbore stability. To investigate the fracturing phenomena associated with collapsing 
wellbores this study utilized a somewhat industry accepted model used for 2D analysis
efforts, see Figure 6.
Figure 6: 2D borehole with cemented annulus.
The simulation was set-up with a inner concrete annulus surrounded by shale-like material. 
A pressure pulse of 60 MPa was driven outward against the interior concrete surface. For 
analysis purposes it was assumed horizontal and vertical stresses were equal. Four snapshots 
of the resultant dry rock fracture pattern are seen in Figure 7.
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Figure 7: Borehole stability – 60 MPa, no fluid pressure.
As can be seen, the FDEM produces a quite satisfactory fracture network for dry material. 
Interestingly, when fluid pressure is accounted for there is a profound difference in the 
realized fracture network, see Figure 8.
76




Figure 8: Borehole stability – 60 MPa, with fluid pressure.
Intuitively, one would expect differences however as seen in Figure 9, the 
phenomenological differences are astounding. For example:
- When it comes to the fluid driven fracture, the fluid plays the key role in formation of 
fracture pattern.
- The dry and wet fracture patterns look quite different.
- As a consequence of the results, it is evident that the fluid side of the FDEM (or any 
other) fluid driven fracture model has to be taken seriously.
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Figure 9: Comparison of final fracture pattern, with and without fluid pressure, at 60 MPa Borehole pressure.
5 CONCLUSIONS
A benchmark type of experiment shown in this work is a relatively simple 2D example of 
fracture propagation under pressure inside a borehole. Nevertheless, the results shown clearly 
demonstrate that fluid plays a major role in driving the cracks to such an extent that fracture 
patterns for dry and wet cracks are completely different. In other words, the presence of fluid 
affects both the extent of crack propagation and the bifurcation mechanisms leading to the 
formation of the fracture patterns, such as forking. 
In real life problems with non-homogeneous anisotropic rock the difference between dry 
and wet crack propagation mechanisms is expected to be even greater due to the presence of 
initial cracks, joints and weaknesses in the rock matrix. Obviously, investigations into these 
mechanisms are mandated if we are to gain more insight into the industrial arena of 
“fracking.” This work took some initial steps, by testing the hypothesis that fluid driven 
cracks can be heavily influenced by the presence of the fluid in the cracks. The obtained 
results clearly demonstrate the importance of the fluid effects even in the simplest of cases.
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